Plasma membrane calcium ATPase 2 (PMCA2) is a calcium pump that plays important roles in neuronal function. Although it is expressed in pain-associated regions of the CNS, including in the dorsal horn (DH), its contribution to pain remains undefined. The present study assessed the role of PMCA2 in pain responsiveness and the link between PMCA2 and glutamate receptors, GABA receptors (GABARs), and glutamate transporters that have been implicated in pain processing in the DH of adult female and male PMCA2 +/+ and PMCA2 +/2 mice. Behavioral assays evaluated mechanical and thermal pain responsiveness. Mechanical sensitivity was significantly increased by 52% and heat sensitivity was reduced by 29% in female, but not male, PMCA2 +/2 mice compared with PMCA2 +/+ controls. There were female-specific changes in metabotropic glutamate receptor 1, NMDA receptor 2A, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor subunit GluR1, GABA B R1, and GABA B R2 levels, whereas metabotropic glutamate receptor 5, NMDA receptor 2B, GluR2, and GABA A Ra2 levels were not altered. Glutamate aspartate transporter levels were higher and glial glutamate transporter 1 levels were lower in the DH of female, but not male, PMCA2 +/2 mice. These findings indicate a novel role for PMCA2 in modality-and sexdependent pain responsiveness. Female-specific molecular changes potentially account for the altered pain responses.-Khariv, V., Ni, L., Ratnayake, A., Sampath, S., Lutz, B. M., Tao, X.-X., Heary, R. F., Elkabes, S. Impaired sensitivity to pain stimuli in plasma membrane calcium ATPase 2 (PMCA2) heterozygous mice: a possible modalityand sex-specific role for PMCA2 in nociception. FASEB J. 31, 224-237 (2017). www.fasebj.org KEY WORDS: ATP2b2 • sensory function • spinal cord • glutamate • GABA ABBREVIATIONS: AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; DH, dorsal horn; DRG, dorsal root ganglia; EAAC1, excitatory amino acid carrier 1; GABAR, GABA receptor; GAD, glutamate decarboxylase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GLAST, glutamate aspartate transporter; GLT1, glial glutamate transporter 1; mGluR, metabotropic glutamate receptor; NMDAR, NMDA receptor; PMCA2, plasma membrane calcium ATPase 2; SC, spinal cord; TRPV1, transient receptor potential vanilloid 1 1 These authors contributed equally to this work.
Pain plays a protective role under physiologic conditions and prevents tissue damage when the subject is exposed to intense stimuli (1) ; however, in pathologic circumstances, pain can be debilitating if it is persistent or chronic (2) . Noxious stimuli that induce pain are initially sensed by peripheral nociceptors and this information is conveyed to the firstorder sensory neurons in the dorsal root ganglia (DRG) (2) . Pain signals are then transmitted to the dorsal horn (DH) and are subsequently conveyed to the brain via ascending spinal pathways. The final integration of nociceptive information occurs at supraspinal locations, which results in the perception of pain (2, 3) . Alterations of the nociceptive pathways can lead to pain hypersensitivity (2) .
Pain responsiveness is sex dependent. Even though reports consistently show differences in pain states between women and men (4) (5) (6) or in female vs. male animals (7) (8) (9) (10) , elucidation of pain mechanisms that show sex specificity has been challenging (10) . Clinical pain syndromes and chronic pain show a higher prevalence in women (11, 12) ; however, despite this, the vast majority of animal research on pain has been performed in males (10, 13) . This underscores the necessity for further investigations to unravel the femalespecific molecular and cellular mechanisms that underlie pain processing.
Despite considerable progress, the distinct molecular pathways that mediate specific pain modalities are inadequately defined. Discovery of new effectors that play critical roles in pain plasticity and the characterization of their modality-and sex-specific contribution could significantly advance the understanding of pain states. The present study investigated the hypothesis that plasma membrane calcium ATPase 2 (PMCA2) is a novel contributor to pain responsiveness in a modality-and female-specific manner.
PMCA2 is an ion pump that extrudes calcium from excitable cells (14) . It is a member of a family of P-type ATPases that consists of 4 isoforms and several splice variants. Whereas PMCA1 and PMCA4 are ubiquitously expressed in various organs and cell types, PMCA2 and PMCA3 show a more restricted distribution, with the CNS being one of the principal sites of expression (15) (16) (17) . In the CNS, PMCA2 is found primarily in neurons (18, 19) and is essential for the maintenance of basal intracellular Ca 2+ levels as well as the clearance of elevated intracellular Ca 2+ after depolarization of spinal cord (SC) neurons (20) . PMCA2 is present in both the DH and ventral horn neurons of the SC (19) , plays a critical role in the viability of SC neurons in vitro (21) , and is essential for the function and survival of motor neurons in vivo (21, 22) . However, involvement of PMCA2 in sensory neuron function in the DH remains undefined. Therefore, we postulated that perturbations in PMCA2 could affect molecular mediators of pain processing in the DH and alter pain responsiveness. To address this hypothesis and to interrogate the modalityand sex-specific role of PMCA2 in pain, we evaluated thermal and mechanical sensitivity in female and male PMCA2 +/+ and PMCA2 +/2 mice by using well-established behavioral assays. We also assessed molecular changes that occur in the DH of the PMCA2 +/2 mice, which could potentially account for the altered pain sensitivity.
MATERIALS AND METHODS

Animals
C57Bl/6 strain PMCA2 +/+ and PMCA2 +/2 mice (23) were bred inhouse. Male and female PMCA2 +/+ and PMCA2 +/2 littermates were used in all behavioral tests and in the evaluation of molecular changes in the DH. All mice were housed in a barrier facility at Rutgers New Jersey Medical School on a 12-h light/dark cycle at an ambient temperature of 22-23°C with water and standard chow provided ad libitum. All procedures were approved by the Institutional Animal Care and Use Committee at Rutgers New Jersey Medical School and were consistent with the ethical guidelines of the U.S. National Institutes of Health and the International Association for the Study of Pain. Experiments were initiated when mice reached 10-12 wk of age. All efforts were made to minimize animal suffering and to reduce the number of mice used.
Behavioral analyses for assessment of pain modalities
In all behavioral tests, evaluators were blinded to the experimental conditions. Two evaluators performed the hot and cold plate paw withdrawal tests, and all other tests were performed by a single evaluator.
Hot plate paw withdrawal test
Mice were placed on a hot plate (Stoelting, Wood Dale, IL, USA) in a plexiglass enclosure. The latency to lick or withdraw the hindpaws (left or right) when exposed to a temperature of 52°C was recorded. To avoid tissue damage, maximum observation time was set to 30 s.
Plantar thermal test (Hargreaves' method)
Mice were placed in restrainers on a glass surface and were allowed to habituate for 30 min before testing (IITC Life Science, Woodland Hills, CA, USA). A radiant heat light source was positioned by the experimenter underneath the glass surface and delivered to the plantar surface of the hindpaw (24) . Paw withdrawal latencies were recorded at 2 different intensities, 15 and 25, with cutoff times of 20 and 15 s, respectively. Five trials for each hindpaw were performed and averaged. The final value was calculated by taking the average of the right and left hindpaw averages.
Tail immersion test
Mice were habituated to plexiglass restrainers with the tail protruding in one end. The bottom portion of the tail (2-3 cm) was immersed in a water bath that was preheated to 52°C. Tail withdrawal latency was recorded; cutoff time was 15 s.
Von Frey filament test
Mice were placed in plexiglass observation chambers on an elevated platform of wire mesh. Before testing, mice were acclimated 1 h daily for 3 consecutive days. On test day, mice were allowed to habituate for 30 min. Mechanical sensitivity of the left and right hindpaws was measured by determining the paw withdrawal threshold to a set of von Frey filaments that ranged from 0.008 to 2.0 g (North Coast Medical, Morgan Hill, CA, USA) using the up-down paradigm. Filaments with ascending force intensity were applied consecutively to the plantar surface of the hindpaw. Each filament was applied 3 times at 5-s intervals, starting with the 0.008-g filament. If there was no response (no paw withdrawal or licking), the next higher filament was applied. If a positive response occurred (flicking of the paw away from the von Frey filament and/or paw licking), the lower filament was applied again to ensure the lack of response. Thereafter, the filament that elicited the first positive response was reapplied to corroborate responsiveness to the stimulus-this was considered as the paw withdrawal threshold. An average of the left and right hindpaw thresholds was calculated as the final value. In addition, mice were tested for frequency of paw withdrawal: a high force, defined as the filament that gives a 30% withdrawal response frequency in naïve wild-type animals (0.4 g for females and 0.6 g for males), was applied 10 times to the plantar surface of each hindpaw at 5-s intervals. The number of times that mice withdrew each hindpaw was recorded. Right and left hindpaw withdrawal frequencies were averaged, and the percent response was calculated.
Cold plate paw withdrawal test
Mice were placed into a plexiglass enclosure on a cold surface that was preset to 0°C. Temperature was monitored continuously by use of a differential thermocouple thermometer (Harvard Apparatus, South Natick, MA, USA) attached to the plate. Time between placement on the cold surface and initial withdrawal or licking of one of the hindpaws or jumping from the surface was recorded and defined as paw withdrawal latency. To avoid tissue injury, the maximum time an animal spent on the cold surface was 45 s. Three trials were performed with 10-min intervals between each trial, and values were averaged.
Tissue collection
Mice were euthanized by CO 2 inhalation and decapitated. The lumbar DH, lumbar DRG, medulla, and thalamus were dissected, and the tissue was immediately frozen on dry ice and stored at 280°C until use.
Western blot analysis
Tissue was homogenized with a motorized pestle in 150-200 ml of ice-cold lysis buffer that contained 10 mM 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid (HEPES) buffer, pH 8, 150 mM NaCl, 0.02% sodium azide, 0.1% SDS, 0.5% deoxycholic acid, 50 mM NaF, 1% NP40, and a protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA). Homogenate was frozen in a slurry of 2-methylbutane and dry ice and thawed at 37°C. This freeze and thaw cycle was repeated 3 times. Lysates were then mixed for 15 s by using a vortex and were incubated on ice for 15 s. This step was repeated 5 times. Finally, lysates were sonicated for 15 s in a low-frequency ultrasonic bath, incubated on ice for 30 min, and centrifuged at 8000 rpm for 1 min at 4°C. Supernatant was removed and stored in aliquots at 280°C until use. Total protein concentrations were determined by using the BCA Protein Assay according to manufacturer instructions (Thermo Fisher Scientific, Waltham, MA, USA).
Of total protein, 10-20 mg was loaded in each lane of a 4-12% bis-tris, 4-15% stain-free TGX (Tris-Glycine eXtended), or 3-8% tris-acetate gel (Bio-Rad, Hercules, CA, USA; or Thermo Fisher Scientific), depending on the molecular weight of proteins to be analyzed. Electrophoresis was performed for 1 h at 150-200 V. Protein was then electrotransferred onto a PVDF membrane for 1 h at 100 V or 90 min at 30 V and stained with Ponceau S staining solution (Sigma-Aldrich) according to manufacturer instructions. After blocking with 5% blocking buffer that consisted of either nonfat dry milk powder or bovine serum albumin dissolved in Tris-buffered saline (20 mM Trizma base and 500 mM NaCl, pH 7.5) that contained 0.05-0.1% Tween-20, membranes were probed with primary antibodies listed in Table 1 . Bands were visualized by using ECL Western Blotting Substrate (Thermo Fisher Scientific) or Clarity (Bio-Rad) using the Chemidoc system (Bio-Rad). Membranes were stripped with Re-Blot Plus Western Blot Mild Antibody Stripping Solution (Millipore, Billerica, MA, USA) and were reprobed with an antibody against b-tubulin III or glyceraldehyde-3-phosphate dehydrogenase used as housekeeping proteins to normalize for experimental variations. Signal intensity in bands was quantified by using the Un-Scan-It software (Silk Scientific, Orem, UT, USA) and normalized to the signal obtained for housekeeping proteins.
Quantitative RT-PCR
RNA was extracted by using Trizol reagent (Thermo Fisher Scientific) per manufacturer instructions and treated with DNase I (Thermo Fisher Scientific). RNA was reverse transcribed by using random hexamers (Thermo Fisher Scientific) and Superscript III reverse transcriptase (Thermo Fisher Scientific) in the presence of 
RESULTS
Female, but not male, PMCA2 +/2 mice display higher sensitivity to a mechanical stimulus compared with female PMCA2 +/+ mice To assess the involvement of PMCA2 in mechanical sensitivity, female and male PMCA2 +/2 and PMCA2 +/+ mice were evaluated initially by the von Frey filament test using the up-down method. Paw withdrawal thresholds of female PMCA2 +/2 mice were 52% lower than in female PMCA2 +/+ littermates [t(75) = 5.207; P , 0.0001; Fig. 1A ], which indicated increased mechanical sensitivity. These results were further corroborated by using the frequency method at a high filament size. In agreement with the up-down method, there was a 67% increase in paw withdrawal frequency in female PMCA2 +/2 mice, which confirmed increased sensitivity to a mechanical stimulus [t(18) = 2.164; P , 0.05; Fig.  1B ]. No significant differences were observed in male PMCA2 +/2 and PMCA2 +/+ mice when mechanical sensitivity was tested employing either paradigm ( Fig. 1A, B) .
Female, but not male, PMCA2 +/2 mice display decreased sensitivity to a heat stimulus in the hot plate paw withdrawal test
To assess thermal sensitivity, we first used the hot plate paw withdrawal test. Sensitivity to a heat stimulus (52°C) was significantly lower by 29% in female PMCA2 +/2 mice than in PMCA2 +/+ littermates [t(74) = 4.698; P , 0.0001; Fig. 2A ]. In contrast, male PMCA2 +/2 and PMCA2 +/+ mice did not show any significant differences (Fig. 2B ).
Female or male PMCA2 +/2 and PMCA2 +/+ mice show similar sensitivity to a heat stimulus in the Hargreaves' and tail immersion tests
Two additional tests were used to evaluate the response to a heat stimulus in male and female PMCA2 +/2 and PMCA2 +/+ mice. In contrast to the hot plate paw withdrawal test, Hargreaves' test, performed at 2 different intensities (15, 25) , and the tail immersion test, performed at 52°C, did not show any significant differences between PMCA2 +/2 and PMCA2 +/+ mice in both sexes ( Fig. 2A, B) . 
AAACTGGCTGTGCAGATAGG CGTCACACCAATGATGAAGA Female or male PMCA2 +/2 and PMCA2 +/+ mice show similar sensitivity to a cold stimulus
The cold plate paw withdrawal test, performed at 0°C, indicated no differences in paw withdrawal latencies in female or male PMCA2 +/2 vs. PMCA2 +/+ mice (Fig. 3) .
Differential expression of PMCA2 in the DRG, DH, thalamus, and medulla
To determine whether PMCA2 is expressed in regions that contain the first-, second-, and third-order sensory neurons, we analyzed PMCA2 protein levels in the DRG, DH, thalamus, and medulla. In female wild-type mice, PMCA2 protein was found in the DH, medulla, and thalamus, but was below detection limit in the DRG, even when Western blots were overexposed (Fig. 4A) 228 Vol. 31 January 2017 KHARIV ET AL. The FASEB Journal x www.fasebj.org mice compared with the DH of female PMCA2 +/+ littermates ( Fig. 5A) . In contrast, mGluR5, GluR2, and NMDAR2B levels were similar in the DH of female PMCA2 +/2 and PMCA2 +/+ mice (Fig. 5A) . Parallel studies on the DH of male PMCA2 +/2 and PMCA2 +/2 mice did not indicate any significant differences in the levels of glutamate receptors, except mGluR1, which showed a significant 27% decrease [ Fig. 5B ; t(27) = 2.441; P , 0.01]. Thus, modulation of glutamate receptor expression in the DH of PMCA2 +/2 mice shows sex specificity.
To determine whether changes in mGluR1, GluR1, and NMDAR2A are the consequence of transcriptional or translation regulation, we quantified transcript levels in the DH of male and female PMCA2 +/2 and PMCA2 +/+ mice (Fig. 6 ). No significant differences were observed.
Astroglial, but not neuronal, glutamate transporters are differentially expressed in the DH of female PMCA2 +/2 mice Neuronal and astroglial glutamate transporters have been implicated in the modulation of pain transmission as they regulate extracellular glutamate concentrations via glutamate uptake mechanisms (34) (35) (36) . Even though PMCA2 is primarily expressed in neurons, we postulated that changes in the function of DH neurons could eventually impact astrocytes as a result of the close communication and functional link between neurons and astrocytes (37, 38) . There were no significant differences in levels of a neuronal glutamate transporter, excitatory amino acid carrier 1 (EAAC1), in the DH of female PMCA2 +/+ and PMCA2 +/2 mice (Fig.  7) . However, the levels of astroglial transporters, glutamate/ aspartate transporter (GLAST), and glutamate transporter 1 (GLT1), were altered, albeit in an opposite manner. GLAST levels were 22% higher [t(13) = 3.875; P , 0.01], whereas GLT1 levels were significantly lower by 51% [t(13) = 2.437; P , 0.05] in the DH of female PMCA2 +/2 mice compared with female wild-type littermates. No differences were observed in neuronal and astroglial transporter levels in the DH of male PMCA2 +/+ and PMCA2 +/2 mice. and GABA B R1b, we found that the most abundant subunit in protein lysates of the DH corresponds to GABA B R1a, whereas the band that corresponds to the molecular weight of GABA B R1b was barely visible. GABA B R1a and GABA B R2 protein levels were significantly lower by 33%
[t(12) = 3.321; P , 0.01] and 53% [t(12) = 3.610; P , 0.01], respectively, in the DH of female PMCA2 +/2 mice compared with female PMCA2 +/+ mice (Fig. 8A) . However, they remained unaltered in male mice. There were no changes in GABA A Ra2 protein levels in the DH of female or male PMCA2 +/2 mice (Fig. 8A) . We also evaluated the levels of glutamate decarboxylase (GAD), the ratelimiting enzyme in the synthesis of GABA (EC 4.1.1.15). Levels of 2 GAD isoforms, GAD65 and GAD67, were quantified in the DH of both male and female PMCA2 +/2 and PMCA2 +/+ mice. No significant changes were observed between any of the groups (Fig. 8B) .
Transient receptor potential vanilloid 1 levels are not modulated in the DH of male or female PMCA2 +/2 mice Transient receptor potential vanilloid 1 (TRPV1)-positive afferents that project from the DRG to the DH, as well as TRPV1-expressing neurons in the DH (45) , are critical for the processing of heat-elicited pain in the SC (2, (46) (47) (48) . Because there were significant differences in the hot plate paw withdrawal test in the female PMCA2 +/2 mice, we investigated the modulation of TRPV1 levels in the DH of both male and female PMCA2 +/2 and PMCA2 +/+ mice. No significant differences were observed between any of the groups (Fig. 9) .
DISCUSSION
The present study shows, for the first time to our knowledge, that PMCA2 is a novel contributor to pain responsiveness in modality-and female-specific manners. Perturbations in PMCA2 expression affect the behavioral manifestation of select pain modalities in female, but not male, PMCA2 +/2 mice. Moreover, our findings suggest that in female PMCA2 +/2 mice, both spinal and supraspinal pain processing could be altered in a modalitydependent way: behavioral assays that evaluate spinally mediated pain responses-the von Frey filament test for the assessment of mechanical pain, and the Hargreaves' or tail immersion tests (49) (50) (51) for the analysis of heatinduced pain-demonstrate increased mechanical pain sensitivity but unaltered heat sensitivity, whereas the hot plate paw withdrawal test, a paradigm that is considered to reflect the supraspinal integration of pain signals (50, 51) , shows reduced heat sensitivity. We also report sexspecific changes in the levels of select glutamates (26) (27) (28) (29) (30) (31) (32) (33) and GABARs (39, 42, 43) and glutamate transporters (34-36, 52, 53) , which have been implicated in pain processing. mGluR1 and NMDAR2A expression increased and GluR1 expression decreased in the DH of female, but not male, PMCA2 +/2 mice. mGluR1 was the only glutamate receptor whose expression was altered in male PMCA2 +/2 mice; however, the changes were the opposite of those observed in female PMCA2 +/2 mice. Moreover, GABA B R1 and GABA B R2, but not GABA A a2, levels were reduced, whereas GLAST and GLT1 expression were modulated in an opposite manner. These findings support the notion of a sex-dependent relationship between PMCA2 and specific glutamate receptors and transporters, as well as select GABARs. Overall, on the basis of these novel findings, we propose that the PMCA2 +/2 mouse could be a valuable model to elucidate pain mechanisms that are both female specific and modality dependent.
Differential pain responsiveness in female PMCA2 +/2 mice
In the present investigations, we used 3 well-established behavioral assays to interrogate the involvement of PMCA2 in heat sensitivity. The apparent discordance between the results obtained by use of the hot plate paw withdrawal test as opposed to the Hargreaves' and tail immersion tests was surprising. However, this discrepancy may stem from the fact that pain responses in the Hargreaves' (51) and tail immersion tests (49, 50) are believed to be spinally mediated, whereas the hot plate paw withdrawal test has been considered as an assay that reflects both spinal pain processing and supraspinal integration of pain signals (50, 51) . As PMCA2 levels are lower, not only in the SC but also in the brain of PMCA2 +/2 mice, aberrant supraspinal integration could account for the increased sensitivity of female PMCA2 +/2 mice to the heat stimulus in the hot plate paw withdrawal test. Studies by other groups also revealed divergent results when the heat sensitivity of wild-type mice was compared with that of genetically modified mice by using either the tail immersion or Hargreaves' vs. the hot plate paw withdrawal tests (46, 50) . Of note, lack of change in the levels of TRPV1 in the DH of female PMCA2 +/2 mice is consistent with the unaltered pain responses in tests that assess spinally mediated heat sensitivity. In contrast to the hot plate paw withdrawal test, the cold plate paw withdrawal test-another assay that likely relies upon the supraspinal integration of pain signals-did not detect significant differences in the responsiveness of PMCA2 +/+ and PMCA2 +/2 mice to a cold stimulus regardless of sex. However, this is not surprising, as distinct pathways mediate cold-and heat-evoked pain (47, 48, 54, 55) . Contrary to thermal pain responses, there was a significant increase in mechanical pain sensitivity in female PMCA2 +/2 mice compared with female wild-type mice. It is possible that the expression of PMCA2 in the DH and brain is restricted to select neuronal subpopulations, which subserve primarily a particular pain modality. Presence of distinct circuits, neurons, and molecular pathways that mediate transmission of different pain modalities has been reported (2) . Exemplifying this concept, a subpopulation of TRPV1 immunoreactive DRG neurons get activated by heat, but not mechanical, stimulus, and chemical ablation of TRPV1-positive fibers, which project from the DRG to the DH, abolishes heat-evoked pain behavior without affecting cold-elicited or mechanical pain behavior (48) . Similarly, ablation of Mas-related gene family of GPCRs D-positive afferents causes partial loss of mechanical pain sensitivity without affecting noxious heat-or coldinduced pain responses (48) . In addition, some neuronal subpopulations are necessary for transmission of mechanical, but not heat-evoked, pain (56) . Even though investigations on the localization of PMCA2 in different neuronal subpopulations of the DH were beyond the scope of the current study, future studies are warranted to determine whether PMCA2 is differentially expressed in neuronal subpopulations, which have been implicated in thermal vs. mechanical pain processing. Female-specific alterations in glutamate receptor expression in the DH of PMCA2 +/2 mice As an initial step to elucidate sex-dependent molecular changes in the DH of PMCA2 +/2 mice, we focused on the expression of glutamate receptors, which have been implicated in spinal pain processing (26) (27) (28) (29) (30) (31) (32) (33) . The significant increase in mGluR1 expression in the DH of female PMCA2 +/2 mice was of particular interest, as mGluR1 is a pain-facilitating receptor (30, 57, 58) that is largely localized to lamina I and II, which contain the projection neurons of the DH (29) . In agreement with the pain-facilitating function of mGluR1, intratracheal administration of an mGluR1/5 agonist elicited nociceptive behavior and thermal hyperalgesia (59) , whereas knockdown of spinal mGluR1 alleviated inflammation-induced pain (57) . Therefore, the increase in mGluR1 protein levels would be consistent with enhanced mechanical sensitivity observed in female PMCA2 +/2 mice. In contrast, in male PMCA2 +/2 mice, mGluR1 levels showed a significant decrease even though responsiveness to pain was not affected. These findings suggest that additional, sex-specific factors may contribute to the regulation of mGluR1 expression in the DH of PMCA2 +/2 mice. One such factor could potentially be estrogen receptor-a, as it forms functional complexes with mGluR1 (60) .
Activation of mGluR1 can also lead to activation of NMDARs as indicated by enhanced NMDA channel activity via trafficking of new NMDA channels to the cell surface (61), increased NMDAR-mediated currents, and tyrosine phosphorylation of NMDAR2A/B subunits (62) . Significantly higher NMDAR2A levels were observed in the DH of female PMCA2 +/2 mice. This could be an additional way by which mGluR1 contributes to increased mechanical sensitivity. Finally, prior studies from our laboratory showed that, in the mouse cerebellum, PMCA2 physically interacts with mGluR1 via the scaffold protein Homer, and could be a component of the mGluR1 signaling complex (63) . It remains to be determined whether such interactions occur in the DH and whether PMCA2 impacts mGluR1 signaling.
We also found that AMPA receptor subunit GluR1 protein expression is decreased in female PMCA2 +/2 mice. GluR1 is predominantly localized in laminae I and II of the DH (64, 65) and has been implicated as a painfacilitating receptor (32, 65) through changes in its phosphorylation (66) (67) (68) and synaptic and extrasynaptic trafficking in DH neurons (68) . In concurrence with the pain-facilitating role of GluR1, blockade of AMPA receptors significantly reduces thermal and mechanical hyperalgesia (69-71); however, GluR1 is also expressed by inhibitory interneurons of the DH (72, 73) . It has been suggested that a reduction in GluR1 synthesis in the superficial DH could affect GABAergic interneurons and this, in turn, could diminish the efficacy of inhibitory circuits in the DH (72) . Therefore, decrease in GluR1 in the DH of female PMCA2 +/2 mice could enhance mechanical sensitivity if expression of GluR1 is down-regulated, especially in GABAergic neurons of the DH.
Female-specific alterations in glutamate transporter expression in DH of PMCA2 +/2 mice
Overactivation of DH projection neurons is a mechanism that underlies the manifestation of pain (41) . Glutamate is the principal neurotransmitter that mediates the hyperexcitability of DH neurons, and dysregulation of extracellular glutamate homeostasis has been implicated in increased pain (34, (74) (75) (76) (77) . Rapid and efficient clearance of glutamate in the CNS is mediated by astrocytes, which are the principal cell type that expresses GLAST and GLT1 (78) . A decrease in GLAST and GLT1 has been associated with impaired glutamate clearance (79, 80) and the development of pain (34) (35) (36) (80) (81) (82) , whereas an increase in GLT1 has been linked to the alleviation of pain (34, 81, 83) . In our studies, both GLAST and GLT1 were modulated in the female DH of PMCA2 +/2 mice, albeit in an opposite manner. Because PMCA2 is a neuronal calcium pump, it is likely that changes in GLAST and GLT1 levels are the consequence of perturbations in neuron-to-glia signals. In fact, it has been shown that GLT1 expression in astrocytes is regulated by neuronal signals in vitro (84) (85) (86) . Increase in GLAST at a time when GLT1 levels are reduced could be a compensatory response to maintain glutamate homeostasis in the DH. A change in milieu as a result of altered neuronal activity in the DH of female PMCA2 +/2 mice could impact GLAST and GLT1 in dissimilar manner, as the mechanisms that underlie their expression are distinct (87) .
Female-specific alterations in GABA B R1 expression in the DH of PMCA2 +/2 mice
Changes in GABAR function and/or expression in the DH have previously been linked to pain (88) . Both GABA A R and GABA B R contribute to the modulation of pain (40) . These receptors comprise multiple subtypes that are composed of different subunits, are believed to mediate distinct functions in discrete CNS regions, and are differentially expressed in various neuronal populations (89, 90) . GABA B R1 and GABA B R2 form a complex (91) . GABA B R1 expression in the DH is significantly reduced in rat models of neuropathic pain (42); therefore, reduction in GABA B R1a and GABA B R2 protein expression in the DH of female PMCA2 +/2 mice could be a mechanism that contributes to increased mechanical sensitivity. These findings support the notion of a subtype-specific link between PMCA2 and select GABAR subtypes and they underscore the necessity of future investigations to elucidate the relationship between PMCA2 and GABAR subtypes in the DH, especially in the context of sex-specific and modality-dependent pain.
CONCLUSIONS
Our studies identify PMCA2 as a new contributor to pain responsiveness. The current investigation establishes a sexdependent link between PMCA2 and select glutamate and GABA receptors and glutamate transporters that mediate spinal pain processing. Further studies are necessary to determine the interactions between PMCA2, sex hormones, and sex hormone receptors, which could confer a female-specific role to PMCA2 in pain responsiveness. 
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